The hearts were injected by the Schlesinger technic;'4 the chambers were separated from one another and weighed after removal of subepicardial fat, valves, and the roots of the great vessels;" and gross and microscopic study for myocardial pathology was made. The panniculus adiposus was measured as an indication of the state of general nutrition. When myocardial infarction was found, it was dated in accordance with the clinical history and the pathologic criteria of Mallory et al. 15 Infarcts older than 1 month were classified as fibrosis. Classification of cases into anatomic groups was made on the above data in accordance with the criteria established by Reiner et al. 11'2 ( fig. 1 ).
Group I are hearts in which the combined weight of the free left ventricular wall plus interventricular septum (LV + IVS) is normal and its ratio to the free right ventricular wall (LV + IVS/RV) is also normal.
Group II are hearts in which the weight of the LV + IVS is normal but its ratio to the RV exceeds the normal. These cases are referred to as "small heart-left ventricular hypertrophy."
Groups III and IV are hearts with pure or predominant left ventricular hypertrophy; both LV + IVS and LV + IVS/RV exceed the normal. These are referred to as "LVH." In group III (moderate LVH) the LV+IVS weighs less than twice the mean of normals; in group IV (severe LVH) it exceeds it.
Group V are hearts with left and right hypertrophy of comparable severity; the ratio LV + IVS/RV is approximately normal and the weights of both the RV and LV + IVS exceed the normal. These are referred to as 'LVH + RVH."
Group VI are hearts with pure right ventricular hypertrophy; the ratio LV + IVS/RV is abnormally small, RV weight is high and the weight of LV + IVS is normal. These are referred to as "RVH." Table 1 shows the incidence of myocardial lesions in the six groups.
Results and Comments
Left Ventricular Hypertrophy SVl + RV5 or RV6 Sokolow and Lyon16 suggested that when the sum of the R wave in V5 or V6 plus the S wave in V, exceeds women. LV, weight of left ventricle; IVS, weight of interventricular septum; RV, weight of right ventricle; ULN, upper limit of normal; LLN, lower limit of normal. The arrows OA, OB, OC indicate the progressive changes of the weight of LV + IVS and of the ratio LV + IVS/RV that would occur in the average normal subject if he developed pure LVH (OA), combined hypertrophy with right and left components of equal magnitude (OB), and pure RVH (OC). The cases are arbitrarily divided into six groups (I-VI).
Circulation, Volume XXX, December 1964 score in cases with clinical left ventricular hypertrophy was 32 per cent. If they lowered the upper limit of normal to 30 mm., the diagnostic score rose to 49 per cent but there was an overdiagnosis of 4 per cent. Others using this criterion (>35 mm.) have reported 28 per cent,'7 23 per cent,'8 and 22 per cent 19 diagnosis in cases of left ventricular hypertrophy with autopsy confirmation. Our own experience with cases having clinical evidence of left ventricular hypertrophy is that diagnosis could be made by this criterion in 30 per cent, with an overdiagnosis of 11 per cent.20 It has been pointed out that the diagnostic performance is better in pure left ventricular hypertrophy than in combined hypertrophy.
The data on SV, + RV5 or RV6 in the current series are summarized in table 2. In the absence of bundle-branch block and with 35 mm. as the upper limit of normal, no cases among the 24 with combined hypertrophy and only one among the 17 cases of small heartleft ventricular hypertrophy could be diagnosed. Thirteen of the 42 cases with moderate and eight of the 17 cases with severe left ventricular hypertrophy were diagnosed. If the upper limit of normal was lowered to 30, the results improved considerably with, however, an increase in the rate of overdiagnosis.
The distribution of voltages was not appreciably different in cases with and without myocardial disease; but the sum of RV5 or V6 plus SV, was less than 25.5 mm. in all 10 cases of left ventricular hypertrophy with right bundle-branch block.
The absence of overdiagnosis with 35 mm. as the upper limit of normal may be due to the almost complete absence of young people in the present series. Grubschmidt and Sokolow21' have shown that overdiagnosis with this upper limit of normal is unlikely to occur above age 25, though our own data on living patients 20 do not agree completely. Lewis Index (R. + S,,1) -(R, + S,) Lewis left ventricle and its ratio with the right ventricle on the other. Lewis Wilson 22 pointed out that in only one in 1,000 normal subjects would the index exceed 21 mm. and in one in 100 would it exceed 17 mm. Although Gubner and Ungerleider,23 using 19.2 mm. as the upper limit of normal, found an overdiagnosis of 5 per cent among 460 normal subjects, they selected Cases without Bundle-Branch mm., 30 mm., and 35 mm.* only normal subjects with left axis deviation. Among 100 cases with left ventricular hypertrophy and left axis deviation their diagnostic score was 65.0 per cent.
The data for Lewis's index in the current series are summarized in table 3. In the absence of bundle-branch block, an index greater than 17 was found in no case with pure right ventricular hypertrophy, in one case of normotrophy, in one small heart-left ventricular hypertrophy, in less than one third of the cases with pure or predominant left ven- An index smaller than zero was most frequent with pure right ventricular hypertrophy and least frequent with left ventricular hypertrophy. Among the 93 cases with large left ventricle with or without associated right ventricular hypertrophy, a Lewis index less than zero was found in only eight cases and all had large infarcts.
In the presence of left bundle-branch block the index tended to be high, being greater than 17 mm. in 87 per cent of the cases with large left ventricles. Too few cases of left bundle-branch block without left ventricular hypertrophy were available for an assessment of whether the left b might be responsible.
bundle-branch block alone

RaVL
The R wave in aVL is mathematically related to the Lewis index, since the algebraic sum of the R and S waves in aVL is one half the Lewis index.24 Various upper limits of normal have been assigned to this deflection: using 12 mm. as upper limit of normal, Scott et al. 17 found nine abnormal R waves in aVL in a series of 96 anatomically proved cases of left ventricular hypertrophy; Lipsett and Zinn,18 using 11 mm. as the lower limit of abnormality, found five abnormal R waves in aVL among 17 cases of pure left ventric-ular hypertrophy and seven abnormal ones among 73 cases of combined hypertrophy. Sokolow and Lyon16 found R waves in aVL greater than 11 mm. 88 times in 147 cases with clinical evidence of left ventricular hypertrophy. This high score is probably due to the method of case selection used; only cases with an abnormal electrocardiogram were chosen. Simonson25 gives an upper limit of normal ranging from 7.2 for women aged 20 to 29 to 9.3 for men 40 to 59. He further suggests a range of borderline values extending 4 standard errors on either side of these values giving, for example, a range of 8.1 to 10.5 for men aged 40 to 59 years. Only R waves in aVL exceeding 10.5 are called clearly abnormal. This value and the 10.1 suggested by Vaquero et al. 26 for cases older than 40 lead to but few diagnoses in our series (table 16). By lowering the dividing line to 7.5 mm. (table 4), the rate of diagnosis rose considerably to 41 per cent of 111 cases, with only one overdiagnosis in the absence of bundle-branch block. This level of 7.5 mm. is well above the mean plus 2 standard deviations found in normal cases by Sokolow and Friedlander27 and in a series of Only the cases in which this measurement could be made with accuracy are included. 100 normal cases from this laboratory20 and is therefore not an unreasonable figure.
In the present series there were six cases with an R wave in aVL greater than 15 mm. All of them had extremely large hearts.
Intrinsicoid Deflection * Delay of the intrinsicoid deflection in the * The conventional concept that the intrinsicoid deflection indicates depolarization of a specific fraction of myocardium has been abandoned in this laboratory. The term is retained for convenience and refers to the position of the peak of R in relation to the onset of QRS. left precordial leads has been looked upon as a sign of left ventricular hypertrophy. Various upper limits of normal have been proposed, such as 0.045,27 O.050,5 13,24 and 0.055 second. 16 In our sample (table 5), regardless of the upper limit of normal chosen, the rate of diagnosis was low with a relatively high overdiagnosis. Similar results were reported by Selzer et al.29 Transitional Zone * tven more disappointing was the correlation between the location of the transitional zone and hypertrophy. It has been stated that in left ventricular hypertrophy the transitional zone is usually displaced to the left,24 but this was not so in our sample (table 6).
Electrical Axis
The electrical axis as determined from the limb leads has been considered an important clue for the diagnosis of hypertrophy and it is believed that right axis deviation is the most common single finding in isolated right ventricular hypertrophy. 30 In our sample, right axis deviation appeared to be a fairly reliable index of right ventricular hypertrophy: among eight cases with a mean axis greater than 90, enlargement of the right ventricle was demonstrable in six. Its diagnostic usefulness was limited, however, being present in only a small minority of the cases with right ventricular hypertrophy (table 7) . Contrary to expectations,3' left axis deviation was as frequent among normotrophic hearts as among those with large left ventricles and was more common among obese people (70 per cent) than in slim ones (27 per cent) .
In this series, an axis greater than + 60°i n the presence of a large heart was seen only in pure right ventricular hypertrophy or in left ventricular hypertrophy accompanied by myocardial infarction.
sve It has been pointed out that the S wave in * The transitional zone was localized between the two adjacent leads in which the R/S ratio changed from less than 1 to greater than 1.
Circulation, Volume XXX, December 1964 814x COMPONENT CARDIAC WEIGHTS the unipolar ensiform process lead is normally less than 18 mm.32 In our sample (table 8) this value was often exceeded in the presence of left ventricular hypertrophy, especially when severe, though some overdiagnosis was noted. In the presence of left bundle-branch block this deflection tends to be large and cannot be used because of resulting overdiagnosis.
Sv>, SV2, RV5> RV6
Since the introduction of the precordial leads, large S waves in the right and large R waves in the left precordial leads have been looked upon as important clues in the diagnosis of left ventricular hypertrophy.
Analysis of the voltage of SV1, SV2, RV5, and RV6 shows a different distribution in the various hypertrophy groups of the present series. There is, however, considerable overlap between normal and abnormal, even if the influence of age is taken into consideration (tables 9-12, 15, 16) .
These findings closely parallel the observations with the Sokolow criterion.
Sum of R and S Waves in Largest Precordial Lead
Our observation of "fat" horizontal plane vectorcardiographic loops 33 in left ventricular hypertrophy led us to measure the R + S deflection in the precordial leads.
The largest R + S sums measured in single precordial leads (V1 to V6) are indicated in table 13 . The results with this index using 30 mm. as the upper limit of normal were similar to the Sokolow criterion with the same upper limit of normal. The position of the greatest sum was not related to hypertrophy.
Rotation Around the Long Axis
Rotation on the longitudinal axis has been traditionally held as an important clue to the diagnosis of hypertrophy. The orientation of the initial vector is one way to determine such a rotation. 30 We estimated the direction of the initial vector by analysis of the initial deflection in leads I, Ve, and aVF: the initial vector was judged to be oriented to the left, anteriorly and down if there were initial R waves in I, Ve, and aVr.* In our series the * Only the presence or absence of these deflections served as the basis for estimating rotation, although orientation of the initial vector was of no value in the diagnosis of hypertrophy. Similar analysis of the terminal vectors failed to reveal any diagnostic clue.
ST-Segment and T-Wave Abnormalities
Left precordial ST-segment depression and T-wave inversion were common in the large hearts but so many factors were operative (coronary disease, electrolyte imbalance, drugs, anemia, etc.) that an assessment of specificity was impossible.
Among the 185 cases there were only 26 in which the effects of infarction, myocarditis, electrolyte imbalance, anemia, and adminisa tiny q wave may have the same significance as an initial R. LVH and RVH Normal myocardium the absence of bundle-branch block. Study of the relationship of these indices and axis deviation fails to support the belief that combined hypertrophy gives rise to high voltages with a tendency to right axis deviation. By the combined use of the Sokolow criterion with the upper limit of normal set at 30 mm. and the R in aVL with the upper limit of normal at 7.5, diagnosis of left ventricular hypertrophy in the absence of bundle-branch block could be made in four of 17 cases of small heart-left ventricular hypertrophy, 41 of 62 pure or predominant left ventricular hypertrophy, and 11 of 24 of combined hypertrophy with an overdiagnosis of three cases among the 26 normotrophic hearts and one case among the 11 with pure right ventricular hypertrophy.*
Right Ventricular Hypertrophy
Since the introduction of the precordial leads, the right-sided precordial leads have been considered of paramount importance for the diagnosis of right ventricular hypertrophy.
The analysis of Ve in our series shows some * These figures do not include 11 cases in which RaVL was less than 7.5 mm. and in which the Sokolow criterion could not be measured.
tendency for the initial R in normal conduction or for the R' in right bundle-branch block to be larger in right ventricular hypertrophy than in left ventricular hypertrophy or in normal cases; the difference is, however, so slight and the overlapping so great that it is rarely of diagnostic value. The morphology of the QRS complex and the voltage of the initial R wave in V3R were of no help in the diagnosis of right ventricular hypertrophy; in fact, in not one of the Voltage of R and S deflections in V. in the cases with normal LV + IVS weight. In the upper row are the cases without large infarcts; in the lower row, the casss with large infarcts. The forked vertical line indicates the presence of an R' deflection. A ratio of LV + IVS/RV smaller than 3 is indicative of RVH, whereas a ratio greater than 3.8 for men and 3.9 for women is indicative of small heart-LVH. 10 cases of right ventricular hypertrophy with an RS complex did the R exceed 2 mm., whereas in pure left ventricular hypertrophy 10 of the 45 cases exceeded this figure.
Equally disappointing was the analysis of the voltage of the terminal R of V3R in right bundle-branch block and the location of the transitional zone (table 6) .
In lead V, a QR complex, an R equal to or greater than 7 mm.,34 an R/S ratio greater than 1,8 and an intrinsicoid deflection beyond 0.035 " have been said to be diagnostic of right ventricular hypertrophy. In figure 3 all the cases with normal myocardium and It is apparent from this table that the diagnosis of right ventricular hypertrophy is unsatisfactory. Figure 4 illustrates the poor correlation between the size of RS deflections in LV±+IVS V, and the ratio RV We found lack of specificity of the R/S ratio in V5 and V6 as a diagnostic sign of right ventricular hypertrophy. There is a lack of correlation between the voltage of the terminal R in V1 in cases of right bundle-branch block and right ventricular hypertrophy; in the entire series the three smallest R waves were found in cases of pure right ventricular hypertrophy while large R waves were common in left ventricular hypertrophy.
The unsatisfactory performance of the electrocardiogram in the diagnosis of right ventricular hypertrophy is in agreement with the findings of Walker et al. 36 and Allenstein and Mori,37 and with a series of autopsy cases from this laboratory;38 it is at variance with autopsy correlations done by Levine between the weights of the atria and the voltage and duration of the P waves. The P wave seems to be a poor representation of the right atrial weight; and only a slight relationship could be found between axis and duration of the P wave and the left atrial weight. Comparably poor correlation between anatomic and electrocardiographic findings was reported by Kaufman and Scott.41 The frequency of abnormal P waves was 28 of 58 cases with abnormal atria and 14 of 64 cases with normal atria.
The absence of demonstrable correlation between the voltage of the P wave and atrial hypertrophy may be due to the fact that the voltage of the P wave is highly dependent on the functional status of the lungs. It can be shown that the P wave doubles its voltage in the majority of people by their simply breathing against resistance.42 It is therefore possible that expiratory obstruction rather than atrial hypertrophy was the cause of the frequency of tall P waves in Littmann's cases of emphysema.43
Discussion
It is apparent from the data presented that the correlation between voltage and cardiac weight is not a close one. This is particularly evident in figures 9 and 10 in which the weight of LV + IVS is plotted against the Sokolow criterion and the voltage of R in aVL. It is clear in each instance that the cases do not follow a regression line and that it is, thus, not only a matter of selecting an "incorrect" upper limit of normal but a shortcoming of the criterion which prevents a high accuracy of diagnosis.
The data also suggest that it is the increase in weight over the original value, rather than the weight itself that determines voltage, since women show higher voltages than men with equal heart weights in the lower weight ranges. In these ranges the weights begin to be abnormal for women but not for men whose hearts are heavier to start with. In the high weight ranges this difference tends to level off, probably due to the increasing frequency and severity of right ventricular hypertrophy when the left ventricle becomes severely hypertrophied. The contention that it is the increase in weight rather than the weight itself that is one of the major determinants of the increase in voltage is supported by experimental work in rats. 44 Our data show that the electrocardiographic pattern of left ventricular hypertrophy is constant, the electrocardiographic pattern of left ventricular hypertrophy is more likely to be found when this ratio is excessive. Conversely, with the ratio constant, the pattern of left ventricular hypertrophy is more likely to be found when the weight of LV + IVS is particularly heavy. Plot of LV + IVS weight against the voltage of SV1 + RV5 or V6 (Sokolow criterion In our sample we found the voltage of the R in aVL, the voltages of the S waves in V1 and V2, the voltages of the R waves in V5 and V6, the Sokolow criterion and the sum of R+ S in the largest precordial lead to be of considerable value in the diagnosis of left ventricular hypertrophy. Their diagnostic performance, however, is markedly hampered if the traditional upper limits of normal are used: these upper limits of normal seem to us too high, at least in the age group of the present series. We found the traditional upper limits of normal of 10 mm. for the R in aVL and 35 mm. for the Sokolow criterion too high and we obtained better results (even considering the slight increase in overdiagnosis) using the following upper limits of normal: 7.5 mm. for the R in aVL and 30 mm. for the Sokolow criterion. Other features traditionally considered of value in the diagnosis of left ventricular hypertrophy, such as orientation of initial forces (see footnote, page 816), location of transitional zone, and timing of intrinsicoid deflection in V6, were disappointing.
Prolonged QRS durations correlated better with myocardial pathology than with left ven-Circulation, Volume XXX, December 1964 tricular hypertrophy per se; but, because of the frequency of myocardial lesions in large hearts, there is an apparent correlation of left ventricular hypertrophy and QRS prolongation.
The diagnosis of right ventricular hypertrophy was highly unsatisfactory. In a minority of cases the Lewis index, the voltage and configuration of the right-sided precordial leads, and the axis deviation suggested this diagnosis; among these criteria right axis deviation was the most helpful.
In our sample right ventricular hypertrophy was commonly associated with moderate left ventricular hypertrophy and almost always present with severe left ventricular hypertrophy. The greater the right ventricular enlargement, the smaller was the rate of electrocardiographic diagnosis of left ventricular hypertrophy. In these cases of combined hypertrophy we found no way to estimate the degree of the associated right ventricular hypertrophy.
The P waves were a poor representation of the atrial weight. No correlation could be established between voltage and weight of either atrium. P-wave duration and axis were not correlated with the right atrial weight, and only questionably with the left.
T-wave abnormalities are very common in left ventricular hypertrophy, but if the cases with myocardial pathology, electrolyte imbalance, and digitalis are excluded, T-wave abnormalities occur in only a minority. Nevertheless, because myocardial lesions and left ventricular hypertrophy are so commonly associated, there is a good over-all statistical correlation between T-wave abnormality and left ventricular hypertrophy.
Summary
The relationship between the electrocardiogram and the weights of the partitioned cardiac chambers of 185 adult hearts was analyzed. Several electrocardiographic variables were correlated with the combined weight of the left ventricle plus interventricular septum (LV + IVS), the weight of the right ven- pared to a frequency of 4 per cent among the cases in which these two anatomic measurements were normal.
The voltages of SV1, SV2, RV5, RV63, the sum of SV1 plus RV5 or V6, the sum of R plus S deflections in the precordial lead displaying the largest QRS complex, the S in Ve and the Lewis index were larger in LVH than in normotrophic cases, but their diagnostic score was slightly inferior to the voltage of the R wave in aVL.
Among all the cases with heavy LV + IVS, the diagnosis of left ventricular hypertrophy was most frequent with severe left ventricu- (26) SV2 (26) RVs (16, 26) RV6 (26) RVo (21) LVH and RVH Normal myocardium Among the 98 cases in which the diagnosis of LVH was not made there were 18 cases in which one or more of the voltages listed could not be measured. The 18 cases were normotrophy, 4; small heart LVH, 2; moderate LVH, 5; severe LVH, 2; combined hypertrophy, 3; and RVH, 2. lar hypertrophy, less frequent with moderate left ventricular hypiertrophy and least frequent with combined hypertrophy.
Left axis deviation was rare in cases with pure right ventricular hypertrophy. The frequency of left axis deviation in normotrophic hearts and in cases with heavy LV + IVS was about the same (52 per cent and 46 per cent, respectively); it was less common (33 per cent) among the cases in which the only anatomic evidence of left ventricular hypertrophy was a high LV + IVS/RV ratio.
An axis greater than + 600 was common in cases with pure RVH and not rare in normotrophic hearts (67 per cent and 15 per cent, respectively). An axis greater than + 600 was not found in cases with heavy LV + IVS unless infarction was present as well. A QRS axis greater than + 900 was almost pathognomonic of right ventricular enlargement. It was, however, of limited diagnostic value, being present in only a small minority of the cases with right ventricular hypertrophy.
The timing of the intrinsicoid deflection was of limited value for the diagnosis of LVH and was not helpful for the diagnosis of RVH.
The position of the transitional zone did not correlate with either RVH or LVH.
The QRS duration tended to be longer in cases with LVH. This prolongation, however, seemed to be related not so much to the hypertrophy per se, but rather to the infarcts so frequently present in these large hearts.
A very poor correlation was found between the right-precordial-lead patterns and RVH: as a whole the performance of the electrocardiogram in the diagnosis of RVH was highly unsatisfactory.
Increase in weight of the left atrium tended to increase the P-wave duration and to shift the P axis to the left without affecting the voltage.
No obvious relationship could be demonstrated between the weight of the right atrium and the voltage, duration, or axis of the P waves.
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